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The  Sm  and  Co  hyperfine  fields  in  Sm2Con  have  been  measured  at  4.2  K  by  means  of 
the  zero-field  NMR  spin-echo  technique.  The  Sm  resonance  shows  the  existence  of  the 
Th2Ni  irtype  structure  with  two  inequivalent  sites  for  the  Sm  nucleus  having  hyperfine 
fields  of  3.40  X  106  and  3.48  X  106  G.  It  also  shows  that  the  effect  of  the  mixing  of  the 
excited  7=  y  level  into  the  ground  J=  ~  multiplet  by  crystal-  and  exchange-field  effects 
had  a  smaller  effect  on  the  hyperfine  interaction  than  was  expected.  The  hyperfine  fields 
of  the  5,Co  resonance  show  a  broad  distribution  from  1 10  to  220  MHz  which  we  were 
hble  to  correlate  to  the  number  of  neighboring  Co  and  Sm  atoms  surrounding  the  site  in 
question. 


INTRODUCTION 


EXPERIMENTAL 


The  compound  Sm2Con  is  of  considerable  in¬ 
terest  because  of  its  own  intrinsic  magnetic  charac¬ 
teristics  such  as  a  high-energy  product  and  magne- 
tocrystalline  anisotropy  as  well  as  its  potential 
commercial  applications  when  alloyed  with  small 
amounts  of  other  metals.1'4 

Among  the  trivalent  rare-earth  metal  series, 
Sm3+  is  interesting  in  that  the  energy  separation 
between  the  ground  J~  7  and  excited  J=  7  multi¬ 
ples  is  only  1435  K.  As  such,  the  crystalline  and 
exchange  fields  mix  the  higher  multiples  into  the 
ground  state  with  the  possibility  of  strongly  affect¬ 
ing  the  hyperfine  interactions.5  Quantitative  ana¬ 
lyses  of  the  magnetization  and  magnetocrystalline 
anisotropy  of  Sm2Con  have  been  extensively  re¬ 
ported6  as  have  its  crystallographic  peculiarities.7  8 

We  have  performed  zero-field  spin-echo  NMR 
on  the  l4,Sm,  ’47Sm,  and  5<)Co  nuclei  in  Sm,Co,7  at 
4.2  K.  For  the  l4,Sm  resonance  we  compare  the 
experimentally  obtained  hyperfine  field  with  that 
obtained  from  second-order  perturbation  theory, 
taking  into  account  the  mixing  of  the  J=  7  level 
into  the  J=  7  level.  The  5<,Co  resonance  displays  a 
broad  six-peak  distribution  but  we  were  able  to 
correlate  the  resonant  peaks  to  their  respective  sites 
with  reasonable  certainty. 
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The  intermetallic  compound  Sm2Co,7  was  ob¬ 
tained  by  induction  melting  stoichiometric 
amounts  of  99.9%  pure  samarium  and  99.99% 
pure  cobalt  in  a  boron  nitride  crucible  under  12.6 
kg/cm2  of  argon  backpressure.  Owing  to  the  vola¬ 
tility  of  Sm  metal  this  high  backpressure,  together 
with  rapid  melting,  was  required.  The  resultant 
weight  loss  was  on  the  order  of  0.2%.  The  2:17 
button  was  subsequently  homogenized  in  an  evacu¬ 
ated  quartz  vessel  at  1 180°C  for  four  hours.  After 
rapid  quenching,  the  2:17  button  was  ground  under 
very  dry  toluene  in  a  conventional  ball  milling  ap¬ 
paratus.  The  resulting  2:17  slurry  was  vacuum 
dried  and  sifted  to  a  10  —  40  fi m  particle  size.  Sub¬ 
sequent  x-ray  diffraction  analysis  showed  no  trace 
of  a  second  phase  to  within  5%. 

The  NMR  sample  consisted  of  about  15  g  of 
this  powder  sealed  in  an  epoxy  binder  and  aligned 
in  a  magnetic  field  of  several  kilogauss  while  the 
epoxy  was  allowed  to  cure.  The  magnetic  field 
mechanically  aligns  the  particles  along  the  easy  c 
axis  and  gives  us  a  strong  domain-wall  resonance 
when  the  rf  is  applied  parallel  to  this  alignment 
direction. 

For  the  low-frequency  5<,Co  resonance  (100—250 
MHz),  the  equipment  used  was  similar  to  that 
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described  by  Streever  and  Uriano.9  The  tuned  coil 
was  replaced  by  a  rectangular  cavity  for  the 
higher- frequency  Sm  work.  Measurements  were 
performs  4.2  K  using  an  exposed  tip  Dewar 
which  frflP  into  the  resonant  cavity.  As  such,  the 
sample^asj>hy$ically  immersed  in  liquid  helium 
for  all 'measurements. 

The  zero-field  spin-echo  NMR  spectra  were  ob¬ 
tained  by  the  conventional  method  of  plotting  echo 
amplitude  versus  frequency  while  keeping  pulse 
width  (~  1—2  fisec)  and  pulse  separation  (10—40 
lisec)  constant  for  each  nucleus.  The  echo  ampli¬ 
tudes  were  not  corrected  for  the  frequency  depen¬ 
dence  of  the  induced  echo  signal  and  nuclear  polar¬ 
ization.  This  would  give  us  a  v2  dependence  of  the 
echo  signal  and,  for  a  reasonable  comparison  of 
echo  intensities,  all  observed  echo  amplitudes 
should  be  normalized  by  dividing  each  intensity  by 
v2  at  that  point.  The  standard  method  of  measur¬ 
ing  echo  intensities,  that  of  comparing  the  echo  to 
a  calibrated  rf  pulse  which  passes  through  the 
same  electronic  amplification  chain,  eliminates  to  a 
great  degree  the  effects  of  equipment  frequency 
response  on  echo  intensity  measurements. 


RESULTS 

In  Fig.  1  we  have  the  Sm  NMR  resonance  spec¬ 
trum.  The  peaks  around  502  MHz  are  from  the 
,49Sm  resonance  and  the  group  of  peaks  centered  at 
603  MHz  is  due  to  the  147Sm  resonance.  Interest¬ 
ingly  enough,  these  are  very  close  to  the  resonant 
frequencies  found  for  SmCo5.10  The  average  line 


separation  of  the  M7Sm  resonance  yields  a  quadru- 
pole  interaction  parameter  P(l47Sm)  of  magnitude 
equal  to  4.0+0.3  MHz,  where 

P=2e2qQ/4I(2I  —  1  )h.  (1) 

NMR  measurements  were  carried  out  on  sam¬ 
ples  with  the  rf  applied  parallel  and  perpendicular 
to  the  alignment  direction.  The  decrease  in  echo 
amplitude  when  the  rf  is  perpendicular  to  the 
alignment  direction  confirms  the  presence  of 
strong  domain-wall  excitation. 

We  note  that  the  149Sm  resonance  is  actually 
made  up  of  two  peaks  at  491  and  502  MHz. 
Spin-lattice  relaxation-time  measurements  were 
performed  on  both  peaks  using  a  sequence  of 
20  —  40  5-p.sec  rf  pulses  which  was  sufficient  to 
thoroughly  saturate  our  samples.  The  decay  curve 
behaved  exponentially,  yielding  7Ys  of  130  and  70 
psec  for  the  491-  and  502-MHz  peaks,  respectively. 
Spin-spin  relaxation-time  measurements  yielded 
nonexponential  decay  curves  which  approached  a 
Tj  on  the  order  of  200  fisec. 

The  59Co  resonance  (Fig.  2)  extended  from  105 
to  225  MHz.  We  see  a  broad  six-line  pattern  with 
peaks  at  114,  133,  152,  163,  177,  and  210  MHz. 

The  experimental  results  are  summarized  in  Table 
I  and  the  assignment  of  the  peaks  to  their  respec¬ 
tive  sites  is  explained  in  the  discussion. 


DISCUSSION 

Both  Sm  isotopes  have  /=  y,  but  because  of  the 
large  quadrupole  moment  of  ,47Sm,  Q=  —0.18b," 


Frequency  (MH  yt  Frequency  (MHi) 

FIG.  1.  ,4<1Sm  and  U7Sm  NMR  spectrum  of  Sm2Coi7  FIG.  2.  5,Co  NMR  spectrum  of  Sm2Con  at  4.2  K. 

at  4.2  K.  The  echo  amplitudes  have  not  been  corrected  The  echo  amplitudes  have  not  been  corrected  for  the 

for  the  frequency  dependence  of  the  echo  signal.  frequency  dependence  of  the  echo  signal. 
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TABLE  I.  Summary  of  relaxation  time  and  hypcrfine-field  data. 


Nucleus 

Site 

Frequency  (MHz) 

Itfifrl  <kG) 

r,  (fiscc) 

r2  (/isec) 

,49Sm 

2c 

491 

3400±20 

130 

200“ 

2b 

502 

3480  ±20 

70 

200“ 

5,Co 

114 

1 1 3  ±  3 

260 

\lk 

133 

132+  3 

445 

6g 

152 

150±  3 

120 

12 J 

163 

161  ±  3 

90 

4/ 

177 

1 75  ±  3 

270 

210 

208  ±  3 

170 

‘These  relaxation  times  are  approximate  since  the  spin-echo  decay  envelope  generally 
behaved  nonexponentially. 


versus  the  smaller  moment  of  l49Sm,  £7=0.0586, 12 
the  quadrupole  splitting  is  partially  resolved  into 
seven  lines  only  for  the  ,47Sm  resonance.  The  actu¬ 
al  l47Sm  resonance  consists  of  two  overlapping 
seven-line  spectra,  as  can  be  seen  in  Fig.  1. 

In  Sm2CO|7  we  can  have  the  hexagonal  TbCu7- 
type  structure  {Dl^Pb/mmm),1  the  rhombohedral 
Th2Znl7-type  structure  (D^Rlm),1  and  the  hexag¬ 
onal  Th2Ni17-type  structure  (DthP6i/mmc).1''}  X- 
ray  diffraction  analysis  on  our  2:17  powder  yielded 
very  diffuse  lines  due  to  the  large  amount  of 
disorder  present,  but  we  were  able  to  eliminate  the 
possibility  of  our  sample  being  of  the  Th2Zn  17- 
type  structure  due  to  the  lack  of  the  appropriate 
diffraction  lines.  The  choice  between  the  TbCu7 
and  Th2Ni17  structures  could  not  be  made  on  the 
basis  of  x-ray  analysis  alone  due  to  the  similarity 
of  their  patterns.  The  TbCu7-type  structure  has 
only  one  site  available  for  the  Sm  nucleus  while  the 
Th2Ni, 7-type  structure  has  two  equally  populated 
sites  available.  Although  our  spectrum  for  the 
l49Sm  resonance  displays  a  double  peak  structure, 
there  are  several  alternative  explanations.  The  first 
possibility  is  that  the  two  peaks  arise  from  a 
TbCu7-type  structure  with  a  hyperfine-field  aniso¬ 
tropy  effect  as  described  by  Searle  et  al.1*  If  we 
take  the  ,49Sm  nuclear  magnetic  moment  as 
— 0.6631/*,, 15  we  obtain  hyperfine-field  values  for 
the  491-  and  502-MHz  peaks  at  (3.40  +  0.02)  X  106 
and  (3.48  +  0.02)  X  106  G,  respectively.  Following 
Searle’s  method  ne  hyperfine-field  anisotropy 
H HA  is  given  by 


«HA  = 


2t/6A/0 
ff WX~ 


(2) 


The  enhancement  factor  tj  is  estimated  to  be  t) 
a  lOx  Hhyrtrfm/H, niw«ropy  a 200, ' 6  the  domain- 
wall  width  6  a  30  A,  the  wall-to-wali  spacing 
W  a  3000  A,  and  the  saturation  magnetization 


Mqbz  1000  emu/cm3.17  Finally,  the  susceptibility 
X  is  6  X  10“ 3  emu/cm2  Oe — obtained  from  a  vir¬ 
gin  hysteresis  curve  of  a  composition  close  to 
Sm2Coi7.18  This  gives  us  a  Hha  a  0.2  X  106  Oe 
while  the  actual  linewidth  of  our  l49Sm  resonance 
yields  a  Hh a  of  (0.08+0.03)  X  106  Oe.  Such  a  re¬ 
sult  is  in  reasonable  agreement  considering  the  ap¬ 
proximations  that  were  used  in  the  theory  and 
data.  However,  the  difference  in  the  spin-lattice 
relaxation  times  of  these  two  peaks,  as  noted  in  the 
section  on  results,  lean  heavily  against  this  possibil¬ 
ity.  A  second  and  more  likely  possibility  is  that 
the  double  peaks  observed  arise  from  the  two  ine¬ 
quivalent  sites  in  a  Th2Ni]7-type  structure.  The 
two  sites  available  have  very  similar  environments, 
except  that  (using  Wyckoff  notation)  the  2c  site 
does  not  have  any  axial  Sm  neighbors  (Figs.  3  and 
4).  Because  of  this,  the  2c  site  has  a  positive  value 
for  the  crystal-field  parameter  A°,  versus  the  nega¬ 
tive  value  for  the  2b  site.19  Theoretically,  this 
gives  us,  all  other  parameters  remaining  the  same, 
a  smaller  hyperfine  field  for  the  2c  site.  Also,  this 
would  imply  a  shorter  spin-lattice  relaxation  time 
for  the  2b  site  because  of  the  greater  number  of 


2c  Site  2b  Site 

FIG.  3.  The  samarium  ion  together  with  its  samari¬ 
um  nearest  neighbors  for  SmjCop  with  the  ThjNip 
(£>J*  Pty/mmc)  structure. 
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FIG.  4.  Unit  cell  of  the  hexagonal  Th2Niirtype 
structure. 


neighboring  Sm  atoms.  In  accordance  with  these 
facts,  we  can  therefore  assume  that  the  49 1  -  and 
502-MHz  peaks  correspond  to  the  2c  and  2b  sites, 
respectively. 

We  will  now  try  to  estimate  the  effects  of  crystal 
and  exchange  fields  on  the  hyperfme  field.  The 
exchange  field  is  taken  along  the  hexagonal  c  axis, 
and  we  take  for  the  crystal  field  parameters  the 
same  values  as  those  given  for  the  Th2Zn(7 
(DljRlm)  structure — in  as  much  as  this  is  all  that 
is  currently  available.  These  calculations  would 
then  be  valid  for  the  6c  rare-earth-metal  site  of  the 
Th2Zn|7  structure.  We  use  the  reasoning  of 
Greedan  and  Rao19  and  write 


H^bS,H„+B02O°2, 


(3) 


i.e.,  we  ignore  all  the  higher-order  crystal-field 
terms  which  we  know  to  be  small.6'20  Following  a 
previous  example10  we  will  consider  only  the  mix¬ 
ing  of  the  ground  J=j  state  with  the  excited 

7 

J=  y  state  and  write  the  perturbed  wave  function 
as 

^•  =  <1— a2>,/2|  {,{>+o  ly,})  (4) 

where  we  have  used  the  notation  of  Ref.  2 1 .  The 
mixing  parameter  a  is  given  by10 


a  = 


-[2m*W„<}||A|It> 

+  (l-oM?<r2){<7||a||{>] 

[(j)2-(})2],/2 


r*0 

—  ^5/ 


1  + 


£7/2  —  c  5/2 

Aj/2,5/2-  A7/2,5/2 


E°m-E 


0 

5/2 


(5) 


We  take  the  values  nBHex  =  221  K,6  the  shielding 
factor  (1  — o)«0.5,  A2(r2)  =  —  104  K,22  the  ener¬ 
gy  difference  between  spin-orbit  levels  (E°in 
—Es/2)/Icb  =  1435  K,  and  the  reduced  matrix  ele¬ 
ments  as  (y||  A| 1 7 >=0.3912  and  <y||  a||y> 

=  -  0.1 507  23 

The  energy  splittings  arising  from  the  exchange 
and  crystal  fields  are  given  by21 

SJ 


+  <y||a||J>(l— o)y4°<r2>[3A/2— J(d  + 1)] 

(6) 

or  (A5/2,5/2-A7/2,j/2>  /kB  =  -722  K.  This  gives 

us  a  value  for  the  mixing  parameter  of  a  =  —0.163 
and  thus  a  value  for  the  perturbed  wave  function 
if>'.  The  hyperfme  field  is  given  by24 

(7a) 


or 


]  —  a2  +  2o  ( 1  — a2)1/2 


X  (0.98) 


<7lWlT> 

<7lWl7> 


4-  a 


,<7ll*ll7> 

<7lWl7> 


(7b' 


where  //cfT(0)  is  the  “free-ion”  hyperfine-field 
value24  of  3.42  X  106  G  obtained  for  the  J=  4 , 
M—  y  state  and  Nt  is  the  hyperfine-field  operator 
defined  by 

and  (7c) 

(J  +  l,M  \N,\J,M)  =  <J  +  \\\N\\J) 

X  [(./  +  1  )2— M2]1,2. 

This  gives  us  Hen  =  iM  X  106  G.  We  see  that 
the  expected  hyperfme  field  should  show  an  8% 
increase  above  the  free-ion  value  due  to  mixing  of 
the  excited  J=  j  level  into  the  ground  level.  Since 
an  increase  of  only  2%  is  observed  for  the  502- 
MHz  peak,  the  discrepancy  may  be  attributable  to 
conduction-electron  polarization,  the  influence  of 
neighboring  spins,  or  the  approximations  made  in 
selecting  the  crystal-field  terms. 

For  the  case  of  the  ,9Co  resonance.  Fig.  2,  we 
have  six  distinct  peaks.  The  Th2Ni,7-type  struc- 
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TABLE  II.  "Co  hyperfine-field  data  and  parameters.  Also  listed  are  the  calculated  hy- 
pcrfine  fields  according  to  Eq.  (8). _ 


Site 

Frequency  (MHz) 

Aco 

Asm 

Itfrfri  (kG) 
expt. 

iffrfrl  (kG) 
calc. 

4 / 

177 

13 

0 

175 

187 

1 2j 

163 

11 

2 

161 

161 

6g 

152 

10 

2 

150 

151 

12k 

133 

9 

3 

132 

137 

ture  has  four  inequivalent  sites  available  to  the  Co 
atoms.  In  the  case  of  other  R2C°i7  com¬ 
pounds,25-27  where  R  is  a  rare-earth  atom,  it  was 
found  that  the  hyperfine  fields  at  the  Co  sites  were 
not  related  to  the  moments  of  the  surrounding  Co 
atoms  which  vary  from  site  to  site  but  instead 
depended  strongly  on  the  nearest-neighbor  Sm  —  Co 
and  Co— Co  distances.  As  such,  we  can  fit  these 
hyperfine  fields  to  an  expression  of  the  form25,2* 

f^eff  ~tf/tCo  +  6AfcoMCo  +  c^SmMsm>  ^ 

where  /iSm=0.36#ig,  fiCo=\.(AfiB  and  a,  6,  c  are 
experimentally  determined  parameters.  The  first 
term  is  the  hyperfine  contribution  due  to  the  mo¬ 
ment  of  the  atom  in  question,  the  second  term  is 
the  contribution  from  the  neighboring  Co  atoms, 
and  the  third  term  is  the  contribution  from  the 
neighboring  Sm  atoms.  The  results  are  summa¬ 
rized  in  Table  II.  The  best  fit  to  the  four  peaks  lo¬ 
cated  at  133,  152,  163,  and  177  MHz  were  ob¬ 
tained  by  using  the  values  a  =  —27.65  kG/^g, 

6=  —6.65  kG/fiB,  and  c=  5.49  kG /fiB.  These 
values  for  a,  b ,  and  c  yield  reasonable  agreement 
with  the  four  experimental  hyperfire  fields.  The 
peak  at  210  MHz  may  be  due  to  e>cess  Co  atoms 
that  may  result  from  the  fast  quenching,29  i.e., 
nonequilibrium  conditions,  and  from  the  volatility 
of  Sm  which  may  result  in  a  Sm  deficiency  after 
melting.  The  peak  at  210  MHz  was  observed  even 
at  77  K  while  the  four  main  peaks  decreased  into 
the  noise  at  temperatures  above  4.2  K.  At  present, 
the  small  peak  at  1 14  MHz  is  still  unexplained  al¬ 
though  it  also  shows  the  same  basic  intens'ty 
dependence  on  temperature  as  do  the  fou.  main 
peaks.  It  may  be  due  to  the  presence  of  a  small 
amount  of  Sm2Cop  in  the  TbCu7-type  structure. 

CONCLUSION 

The  double-peaked  structure  displayed  by  the 
U9Sm  resonance  confirms  that  our  sample  is  of  the 


ThjNip-type  structure  with  two  inequivalent  rare- 
earth  sites.  The  smaller  hyperfine  field  of  the  491- 
MHz  peak,  together  with  its  longer  relaxation 
time,  enables  us  to  assign  this  peak  to  the  2e  site 
and  the  502-MHz  peak  to  the  2b  site.  The  differ¬ 
ence  in  heights,  as  shown  in  Fig.  1,  may  be  attri¬ 
butable  to  the  difference  in  the  NMR  domain-wall 
enhancement  factor  for  the  two  sites.  The  most 
likely  reason  for  the  2c  site  having  almost  the  same 
hyperfine  field  as  in  the  free-ion  case  is  the  absence 
of  axial  Sm  neighbors.  This  is  also  consistent  with 
its  longer  relaxation  time.  We  note  that  the 
lower-than-theoretically  calculated  value  for  the 
hyperfine  field  of  the  26  site  (the  6c  site  of  the 
ThjZnp-type  structure)  may  be  due  to  conduc¬ 
tion-election  polarization  effects  or  the  mathemati¬ 
cal  approximations  made  in  selecting  the  crystal- 
field  terms. 

The  59Co  resonance  displays  a  well-resolved 
structure  with  the  large  peak  at  210  MHz  due, 
most  likely,  to  a  partial  substitution  of  Co-Co 
pairs  into  rare-earth  sites — possibly  caused  by  a 
small  Sm  deficiency.  The  fact  that  we  have  been 
able  to  fit  the  59Co  hyperfine  fields  to  a  three- 
parameter  expression  leads  us  to  believe  that  the 
hyperfine  field  at  each  site  depends  only  on 
nearest-neighbor  distances  rather  than  solely  on  the 
moment  of  the  surrounding  Co  atoms. 
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